The photoinduced motion of an oil droplet on an aqueous solution under local irradiation by a green laser is reported. The results showed that a repulsive force is generated on pure water, while an attractive force is observed with an aqueous solution containing a surfactant. The driving force is discussed in terms of a thermal Marangoni effect. The switching on the photothermal effect is interpreted by taking into account the advection caused by the spatial gradient of the surface tension under local heating by a laser. A numerical model revealed that the geometrical profile of the surface tension around the droplet determines the mode of advection around the droplet and causes switching in the direction of migrations.
I. INTRODUCTION
It has been well established that light exerts two different forces on an object: optical pressure and a dielectric force, as exemplified by light scattering and laser trapping, respectively [1] . Recently, as a third kind of optical force, spatial gradient of interfacial tension caused by photochemical and photothermal effects has attracted considerable attention [2] [3] [4] [5] [6] . From the industrial viewpoint, one of the advantages of the use of a photochemical or photothermal approach is the scale of a matter [5] [6] [7] [8] ; i.e., light-induced spatial gradient of the interfacial tension is applied to the scales on the order of milli-to centimeters, which is much larger than that with laser trapping (∼ μm) [1, 9, 10] . While it is important to explore such an energy transduction system toward industrial application, the system itself still offers many practical experiences for basic science [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Mesoscopic systems interacting with photon flux constitutes well-defined thermodynamically open-system, providing a novel scheme of spatiotemporal symmetry breaking through the nonlinear effect on the chemical/thermal profile coupled with reaction, convection, interfacial instability, etc.
Marangoni effects [27] have been identified as spontaneous mechanical agitation of an interface. Two different kinds of self-agitation have been reported: thermal and chemical Marangoni convection, which are driven by a thermal gradient [28] or a chemical concentration gradient on the surface [29] , respectively. We have previously investigated the directed motion of a droplet driven by a Marangoni effect generated by thermal and chemical gradients [2, 4, [18] [19] [20] [21] 26] . It has * ichi@scphys.kyoto-u.ac.jp † iwaki@fukui.kyoto-u.ac.jp been shown that vectorial motion can be controlled through a photothermal mechanism by changing the position of the heating location [2] , through surfactant depletion from the heated spot [30] , and through a photochemical mechanism by changing the direction of the reaction [4] . In the present article, we will experimentally show the switching between repulsive and attractive interactions with a focused laser and provide theoretical interpretation of the physical mechanism on the switching.
II. EXPERIMENTS

A. Set-up
A schematic drawing of the experiment is shown in Fig. 1(a) . A droplet of fluid paraffin with red-colored dye (paraffin liquid with Sudan-3, 26118-64) was purchased from Nacalai Tesque. The optical density of the red-colored paraffin for green light was approximately 35 cm −1 , as shown in Fig. 1(b) . In order to examine the effect of surface tension, we performed the experiments for different types of aqueous droplets with pure water and with sodium dodecyl sulfate (SDS) solution. The volume of the droplet was 25 μl in each condition A green laser of 532 nm (Genesis MX 532-5000, Coherent) was applied to the droplet at approximately 50 mW. The spot of the laser light measured on the order of 1 mm and its position was controlled by tilting a mirror. The motion of the droplet was recorded with a video camera (HDR-CX700, SONY) with a ×6 magnifying lens. The video camera was equipped with a green notch-filter to avoid strong scattering of the laser light. The temperature distribution of the droplet was measured by thermography (T335, FLIR). Grained cellulose was used as a tracer to visualize the flux lines of convection. The flow experiments were performed on fixed or steady droplets, which were trapped by a meniscus gradient formed in a small beaker, to obtain sufficient flow lines.
B. Profile of droplet motion
The responses by laser irradiation on a paraffin droplet floating on Milli-Q water are shown in Fig. 2 (a) and Fig. S2 (a) [31] . The spatiotemporal plot of the figure shows that the red paraffin droplet is repelled by the laser light. On the other hand, the paraffin droplet on SDS solution is attracted to the laser spot, as shown in Fig. 2 (b) and Fig. S2(b) [31] . The laser can move a droplet at a constant speed of approximately 0.6 mm/s at maximum, and the position and motion of the droplet can be controlled more easily by the attractive condition. 
C. Temperature distribution
To clarify the differences between these photophobic and photophilic motions, we measured the temperature distribution and fluid convection of a paraffin droplet caged by a meniscus trap formed inside a small beaker [2] . Figure 3 shows the distributions of temperature. Although the temperature distribution varies in a time-dependent manner, we present here two sequential pictures that correspond to the respective motions. In thermography for the pure water condition [ Fig. 3(a) ], a lateral plume is observed as well as the droplet motion in the opposite direction. Except for the above lateral jet, the qualitative distribution inside the droplet is similar to that in the SDS condition [ Fig. 3(b) ]. The highest temperature (approximately +7K) is at the laser spot, and the temperature increase spreads like a crescent along the periphery of the droplet. Figure 4 shows the flow profile around the droplet under constant irradiation of the laser, where the droplets were almost spatially fixed owing to the trapping effect with meniscus in a narrow vessel. Although the droplets were immobilized in order to yield sufficient flow lines, the qualitative flow profiles inside and outside the droplets were almost the same as the ones of moving droplets, respectively. The flow vectors indicate that, under both conditions, the droplets exhibit similar internal convection patterns and move with breaststroke-like flow. There is a notable difference in convection in front of the droplet. In the photophilic condition with SDS, the outer solution is pushed behind the droplet [ Fig. 4(b) ]. However, during photophobic motion on the surface of pure water, the flow direction is opposite in front of the droplet [ Fig. 4(a) ]. in which the critical micelle concentration is approximately 8 mM [32] . Figure 6 (a) shows changes of the speed depending on the droplet size floating on pure water. There is an efficient amount of droplet for transporting, which ranges from 1 to 50 μl, which correspond to the diameter between 2.5 and 10 mm. This can be qualitatively understood by experimental observation that the temperature gradient becomes negligible when the droplet size is smaller than that of the laser spot, ∼1 mm. On the other hand, the rolling flow as shown in Fig. 4 was localized in larger droplets. These conjectures are actually confirmed by the rescaled plot as in Fig. 6(b) , where the vertical axis represents a value of speed multiplied by volume. There exists a plateau on the values in the larger volume, indicating that the generating force is almost constant in this region. This may be explained by the local temperature gradient near the laser spot becomes almost constant for the larger droplets, and thus, the exerting force also becomes constant. The decay seen in smaller sizes was experimentally correlated to the fact that the laser light covered the whole of the droplet within the mm-sized spot. The small droplet decreases both the total absorption and gradient of temperature. These facts cause spatial limitation to make temperature gradient.
D. Particle image velocimetry
E. Dependencies on laser power and surface tension
F. Size-dependence of the migration velocity
III. NUMERICAL SIMULATION
A. Numerical method
The finite volume method with an implicit solver utilizes a discretization of integrated Navier-Stokes equations [33] :
where k and d k is the domain and boundary of the kth cell, μ is viscosity, n is the normal vector, and i is the unit vector in the ith direction. When the values for u i and p at the center are given as u k i and p k , an implicit solver for the momentum equation takes the following form: A m−1 u m * = a m−1 , where u m * is the first evaluation of a 3N -dimensional velocity vector for the mth iteration, N is the number of cells, and m in superscripts means that this variable is evaluated by u m and p m . Configurations of the matrix A m−1 and the vector b m−1 are given arbitrarily. In the present paper, we adapt the following configurations:
where Q t is an operator matrix in an integral term of a time derivative, q t is its constant term, Q m−1 c is for a convection integral, Q d is for a diffusion integral, and Q p is for a pressure integral. Since the convection integral is a nonlinear term, it is linearized by evaluating u · n with u m−1 . In the present paper, the time derivative is evaluated by [33] 
where n designates a time step. An integral on d k is evaluated by the midpoint formula. Each quantity at the midpoint of each face of d k is evaluated by a linear interpolation corrected by a gradient of the quantity. The gradient is evaluated by the divergence theorem with the uncorrected linear interpolation. Besides the momentum equation, a mass conservation equation is solved to determine a pressure distribution. If a pressure distribution changes by p m , a response of a velocity distribution change u m satisfies A m−1 u m = − Q p p m . Using this relation, the mass conservation equation is described as follows:
where Q m is a matrix operator for an integral of mass flux. In general, the inverse matrix [ A m−1 ] −1 is approximated in several ways to reduce the amount of calculations. Since the system adopted in the present paper is not so extensively large, we fully calculate [ A m−1 ] −1 . In fact, the present system has three independent domains with respect to pressure. The pressure equation holds true also when the ground level of pressure changes, which means the rank of
In the present paper, to make the rank to be N , three diagonal components are multiplied by 25. This means that the corresponding cells play a role of a basing point. Now the velocity and the pressure for the mth iteration is obtained as u m = u m * + u m and p m = p m−1 + p m . After u m is obtained, we calculate a temperature distribution similar to the case of the momentum equation:
where τ m is a temperature distribution, r h is a heat generation term from light absorption, and the meanings of scripts are the same as with the case of the momentum equation. The incident light is modeled as a cylindrical Gaussian beam. The center axis of the light is located on x = 3.1147 and y = 0. The decay length of the Gaussian distribution is √ 0.1. A heating rate in the generation term is proportional to a local light intensity at the center of a cell. Heating occurs only in colored oil cells. We do not consider the effect of light decay along the light axis due to the absorption. The heating rate is so small that a simulation system almost shows a linear response to the total light intensity. Surface tension values depending on the temperature refer to ones in past studies [32, 34, 35] . These steps are iterated until the relative error is less than 10 −4 . Finally, we define a lattice structure and a boundary condition. Figure 7 shows the plane-symmetric irregular lattice consisting of about 2000 cells in the present simulations. Each cell is an assembly of several tetrahedrons. We define some types of cell conformations and array them according to a plan in Fig. 7 . A common face between neighboring cells is divided in the same way with these subunit tetrahedrons so as to make no discrepancy in the case where vertices of this face are actually not on the same plane. This is automatically checked in the first time. Next, neighboring triangles on the same plane are united, and the number of cell faces is minimized. The center points and volumes of the cells and area vectors of their faces are listed automatically as well as the list of neighboring cells through their faces. The system has two types of boundaries. One is the outer boundary of the system. On this boundary, a velocity is fixed to be zero. Temperature is fixed to be a fixed homogeneous value. The other is a phase boundary. There is no flow across this boundary. A differential of a tangential flow velocity in a normal direction has a jump according to a surface force and a difference of viscosities. A differential of a temperature in a normal direction has a jump according to a difference of thermal conductivities. Finally, the x-z plane (y = 0) is a symmetry plane. It is assumed there is no flow across this plane, and differentials of a tangential flow velocity and a temperature in a normal direction both take a zero value. This boundary condition mimics the experimental results with the symmetric distributions of temperature and flow. Asymmetric convection due to higher order terms in the Marangoni instability would become important in a higher laser power condition [36] .
B. Numerical results
In the present system, a flow arises from changes of surface tensions according to temperature. This system has two categories of boundaries. One is an air-water interface, which produces a planar radial flow, and the droplet moves by riding this flow. The other is a droplet surface, which directly induces a discontinuous shear between a droplet and environments. These two flows are determined consistently with each other but can be discussed almost independently as a linear superposition. It is a result of the length scale of the system. Here, temperature rises around a heating spot in the former case. The temperature profile is almost cylindrically symmetric because the contribution of the internal advection is weaker than that of the thermal diffusion. A radial flow arises from a heating region on an air-water interface. In the latter case, a temperature profile shows a sectoral pattern around a heating spot due to the convection inside the droplet. A unidirectional flow on the air-water interface was found to be induced by a drag force of the internal convection.
Next, we calculate an actual force acting on the droplet for each case. In the present simulation, the boundary of the droplet is fixed with regard to its position and shape. This assumption corresponds to the constraint force on the boundary. The force balance acting on the droplet boundary can be described as follows:
F γ + f con = 0, where p and p are the isotropic pressures outside and inside the droplet, S n and S n are normal components of the stress tensor, S t and S t are tangential components of the stress tensor, F λ [= γ αβ (1/r 1 + 1/r 2 ), where γ αβ is a surface tension at the α-β interface, and r 1 and r 2 are principal curvature radii] is a Laplace pressure, F is a gradient force of the surface tension, F γ (= γ αβ n αβ , where n αβ is a vector tangential to a contact line confined on the α-β interface) is a Young force, a net force of surface tensions at the contact line (triple phase boundary), and F con [MT −2 L −1 ] and f con [MT −2 ] are constraint forces on the area and the contact line, where Eq. (8) is valid at the contact line. The integration in Eq. (9) is performed over the droplet surface, except for the contact line considered in Eq. (8) .
All but the constraint force, which is a virtual one, total of the remaining forces F tot arises from fluid actions. When the constraint force is switched off so as to be unbound of the droplet boundary, the droplet as a whole is accelerated toward the direction of F tot . Figure 9 shows the changes in F tot and each of its components with time for each of the above two cases. As shown in Eq. (7), shear stress acts in a direction opposite the gradient force. This suggests that the drag force from Marangoni convection between the droplet and fluid substrate always works to move the droplet toward the heating spot [Figs. 8(b) and 8(d) ]. On the other hand, the Young force, F γ , can work in either direction, depending on the temperature-dependence of the surface tension matrix. Figs. 3-6 , it has become clear that qualitative changes of the flow mode correlated with the temperature distribution playing a key role in the switching of the translational motion of the droplet. We have confirmed that those characteristics and the direction change of the motion, i.e., attraction toward the laser spot, were generally observed and occurred in different surfactants, such as sodium oleate (anionic surfactant), dodecyl trimethyl ammonium bromide (DTAB, cationic surfactant), and span 80 (nonionic, oil-soluble surfactant).
IV. DISCUSSION
A. Analysis of the results
From the experimental observations as demonstrated in
To unveil the mechanism of the essence of the reversal of the motion, insights on the spatial gradient of the surface tensions as well as the viscous drag forces on the boundary of the droplet would be necessary. Thus, we performed the numerical simulation to deduce the flow profile around the droplet by including the spatial gradient of the surface tension, so as to reproduce the phenomenon of directional switching of the droplet motion. We adapted a relatively simple model for the numerical simulation, based on the following considerations inspired by the experiments.
In the experiments, radially spreading flow from the heated focus, scrolling convective flow inside the droplet, and tension on the periphery play the major roles in causing the droplet motion. Radial flow is attributable to the Marangoni effect on a horizontal surface, and scrolling flow is induced by Marangoni convection between the oil and water boundary [2, 11, 19, 21, 26] . The relative importance of these modes is dependent on the relationships among the surface tensions of oil, water, and air. It is known that the temperature coefficient of the surface tension decreases in the presence of SDS [34, 35] . It was also reported that the spatial nonuniformity of the surface tension directly pulls the droplet in a three-phase system [14, 17, 23] . In a past theoretical study, together with numerical simulation for a system of linear temperature gradient [37] , it has been suggested that a spatial profile of the surface tension and Marangoni convection may exhibit competitive effect.
B. Comparison between the experiments and the numerical simulations
It is noted that the experimentally observed flow profiles, both for the cases of pure water and the system with a surfactant (Fig. 4) The small difference on the temperature profiles between the experiment and simulation for the case of pure water is attributable to the difference on the state of droplet, either transient or stationary. That is, in the experiment shown in Fig. 3(a) , the droplet begins to exhibit repelled motion just after the start of laser irradiation, and thus, we observed the temperature profile under the translational motion of the droplet. Whereas, in the simulation shown in Fig. 8(a) , the droplet stays stationary.
From a series of test simulations, we noticed that the temperature-dependence of the surface tension matrix was the main factor in causing the markedly different flow patterns. We adapted the coefficients on the temperature dependence of surface tension from past literatures [32, 34, 35] , where the surface tension decreases or remains almost constant with the increase of temperature. Therefore, we may expect the proportionality between the gradient of the surface tension, i.e., the driving force, and the temperature gradient. When a gradient force of surface tension works solely on air-water interface, radial flow from the heating spot occurs in the water phase, as in Fig. 8(c) . On the other hand, when a gradient force works only on air-oil and oil-water interfaces, a breaststroke-type drag force is generated around the droplet to cause the unidirectional flow in the water region near the periphery of the droplet.
In the actual experiments, all of the components of the surface tension matrix are more or less temperature dependent, indicating the existence of competition between the above mentioned two opposite effects. We have noticed that the direction of photothermal migration is roughly interpreted in terms of the linear superposition of the two extreme cases, i.e., temperature dependence of the interfacial tension survives either only for air-water interface (air-substrate interface) or for air-oil and oil-water interfaces (droplet interfaces), except in the vicinity of the transition point. We may check such kinds of general behavior of the droplet motion. The experimental trend of the droplet motion at different SDS concentrations in Fig. 5 is interpreted in terms of the competition of the two opposite effects, at least for the region with the laser power below 100 mW. Further inspection of Fig. 5 indicates the existence of nonlinear effect on the relationship between the velocity and laser power. For example, in 1 mM SDS solution, an increase in the velocity slows down beyond 100 mW of the laser power. According to our observation, the morphology of the droplet shows apparent deformation with the laser power above 100 mW. Thus, the nonlinear dependence of this system is attributable to the morphological change of the droplet rather than to the nonlinearity in the fluid dynamics. Further inspection indicates another kind of nonlinear effect; in a 0.1 mM SDS solution, we found a reversal of the migration direction with a laser power between 10 and 20 mW. This cannot be explained by the superposition of the present two limiting cases, and a further study is necessary to elucidate its mechanism. We may also expect the nonlinear terms can cause unique effect on the convective motion inside the droplet, under the breaststroke-like convection. In some of the past studies, a bifurcation from vectorial motion into rotational motion has been observed when the driving force of the propelled motion is increased [26, 36] . In the rotational motion caused under the condition with a larger driving force, the breaststroke-like convection breaks the symmetry to be an asymmetrical rolling pair, which causes the steering on the droplet. Although we have focused our interest on the generation of positive and negative thermophoresis in the present study, occurrence of the symmetry breaking of the flow profile is an interesting future research target both from experiment and theory.
C. Transportation efficiency
We then discuss the efficiency and capability of the present transportation system. Figure 6 shows that the droplet with the volume 0.1 to 100 mm 3 (from 500 μm to 5 mm in size) is efficiently transported, where the laser power is fixed at 10 mW. Since the thermal diffusion and the size of the laser spot limit the temperature gradient, it is clear that the transportation efficiency, represented by [Speed] × [Volume] as in Fig. 6(b) , tends to increase with the increase of the droplet size and reaches a plateau around the volume of 100 mm 3 . As a comparative experimental tool, laser trapping is well known for manipulation of micro objects. The efficiency Q of the laser trapping is described by the ratio of the traction force to the photon momentum and exhibiting the value of 10 −4 < Q 1, depending on the material and size. It is also noted that it is difficult to increase the trapping power for the object larger than the size of the order of 10 μm because the force is generated from the gradient of the dielectric potential by adapting the focused laser beam. On the other hand, the present experiments indicate a force on the order of 10 nN or larger, which corresponds to Q ∼ 60, according to the framework of Hadamard-Rybczyński equation [38] . Now, it is obvious that such high efficiency is caused from the completely different scenario besides the principle of laser trapping, as has been discussed in the present study. These features, coupling between photothermal and tensionmechanical translation, make this technique advantageous for the transport and manipulation of large objects on the order of mm-cm [39, 40] .
D. Consideration on the photothermal motions for a solid object on a liquid layer and for a liquid droplet on a solid substrate
The essence on the mechanism of photothermal motion of a droplet described above would be applicable to explain the qualitative behavior of a solid object on a fluidic layer [5] , though we may adapt a somewhat simpler framework; i.e., we can neglect the effects of the surface tensions on the droplet together with the isotropic pressure and stress tensor terms inside the object by changing the object from a liquid to a solid material. In the past studies of an active droplet on a solid substrate [14, 17, 23] , a contribution from the surface tension at an air-droplet interface has been usually ignored. Whereas, when an active droplet is floating on a liquid layer, the contribution owing to the Young force has to be taken into account. This situation, adapted in the present calculation, corresponds to the photothermal motion in the absence of large deformation. Notably, the Young force becomes apparent only when the contact angle deviates from equilibrium under some kinetic conditions [17] . Under nonlinear conditions, such as long-term behavior with large deformation, the direction of motion of a droplet can switch with a decrease in the Young force. Further study along this line may lead to a new phenomenon on photothermal motion.
V. CONCLUSION
Occurrence of the attractive and repulsive photothermal motions are observed for a droplet floating on a liquid layer. The elucidated mechanism of the motion switch covers a general case. From a theoretical study, together with the experimental inspection, it is argued that scrolling flow inside the droplet works to induce the photophilic motion. On the other hand, the flow in the surrounding solution caused by the thermal Marangoni effect usually exhibits the role of inducing photophobic motion. Young force acting on the periphery is expected to contribute toward the photophobic motion under mild deformation.
